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Chemical Dynamics at Surfaces of Metal Nanomaterials  
– AFOSR 2011 YIP Award FA9550-11-1-0070 Final Report 

 
Junrong Zheng 

Department of Chemistry, Rice University 
 

1. Proposed summary 
 

The project was designed to develop novel spectroscopic tools for the determinations of 
molecular structures and dynamics on the surfaces of metal nanomaterials – the critical 
component of heterogeneous catalysts, and to use the new tools to investigate whether a 
fundamental physical principle, the Born-Oppenheimer Approximation (BOA), is valid on the 
surfaces of these materials or not.  
 
2. Achievements 
 

During the past three years supported by the award (FA9550-11-1-0070), my group 
pioneered two novel molecular structural tools: (1) the vibrational cross angle method for the 
determination of 3D molecular structures1-5; and (2) the vibrational energy transfer method for 
the determination of intermolecular distances with an angstrom precision6-11. Using the methods, 
we showed that the 3D molecular conformations on metal nanomaterials with Au nanoparticles 
as examples can be directly determined3,5, and the validity of Born-Oppenheimer Approximation 
on the surfaces of metal nanomaterials is dependent on detailed molecular properties5,12-14, and 
the energy dissipation pathways in the systems largely depend on whether BOA is valid12-14. In 
the following, the accomplishments will be briefly described. 
 
2.1 The vibrational cross angle method to determine 3D molecular structures 
  
 One of the major problems in experimentally studying heterogeneous catalysis is the lack 
of tools for the determinations of molecular structures on the surfaces of metal nanomaterials. 
Practical catalysts, e.g. oxide-supported metal clusters, are polycrystalline solids. XRD cannot be 
used to resolve the molecular structures in such systems because they are not single crystals. 
NMR also has difficulties in determining molecular structures in them not only because the solid 
NMR has broad lineshapes, but also because the metal clusters typically have open shell 
electrons which can severely disrupt the magnetic fields on their surfaces. 1D vibrational 
methods, e.g. FTIR, Raman, or SFG, are usually used in monitoring the molecular changes in 
heterogeneous catalytic systems by obtaining the vibrational frequencies and peak intensities. 
However, the structural determination capability of the 1D vibrational techniques suffers from 
the fact that vibrational frequencies are severely affected by Fermi resonances because of which 
the vibrational frequency shifts can be more significant than those caused by molecular structural 
changes. Motivated by such a practical difficulty, my groups developed a vibrational cross angle 
method which is general for the determination of 3D molecular structures in condensed phases.  
 The principle of our method is by determining the cross angles between vibrational 
transition dipoles covering the entire molecular space to determine 3D molecular conformations 
(Fermi resonances don’t affect the results from such a method),1-5 with the aid of our unique 
powerful ultrafast multiple dimensional IR/THz spectroscopy setup3 which solves a longstanding 
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